We investigate the performance of optical equalization of GDR-induced penalties from chirped fiber Bragg gratings (CFBGs) in 112 Gbit/s metro networks using FIR filters. The GDR-induced mean OSNR penalties are reduced to <0.2 dB. © 2010 Optical Society of America 
Introduction
In optical transmission systems CFBGs can be utilized for dispersion compensation instead of the commonly used dispersion compensating fibers (DCFs). CFBGs offer a lower insertion loss, less dependence of the insertion loss on the amount of compensated chromatic dispersion, a lower manufacturing cost and lower optical nonlinearity when compared to DCFs [1, 2] .
However, CFBGs suffer from both deterministic and statistical, non-ideal phase responses originating from the manufacturing process -the so-called group delay ripples (GDR). It has been shown that equalization of GDR-induced intersymbol-interference (ISI) can be achieved using linear or nonlinear FFE/DFE filters in the electrical domain for 43 and 111 Gbit/s and coherent detection [3, 4] .
For 112 Gbit/s metro network systems, a more cost-effective solution than using coherent detection in combination with digital signal processing (DSP) is desirable since the implementation of the DSP is closely connected to high computational effort when considering high data rates and real-time applications. We propose another, more cost-effective [5] , yet capable and robust approach to equalize ripple-induced OSNR penalties utilizing equalization by implementing optical transversal filters with a finite impulse response in a planar lightwave circuit (PLC) device [6] . In this contribution we compare two methods to derive the (complex) coefficients of the filter structure. The first method is to use the eye opening (EO) at the receiver as a figure of merit which can be measured by using a simple square law detector photodiode -additional information (such as the phase of the signal) is not needed. The second method is the comparison of the absolute sample values of a distorted signal to a known training sequence. The effectiveness of optical equalization of GDR-induced penalties is verified by extensive numerical simulations at 112 Gbit/s for the optical duobinary modulation format.
Filter coefficient estimation
For our studies, we used a statistical CFBG emulator which is based on the measurements of 10 different Proximion continuous C-band CFBGs and which can create an infinite number of statistically distributed GDRrepresentations for any number of concatenated CFBGs. We focus on the studies of optical transversal filters utilizing an FIR filter structure and compare two methods to derive the filter coefficients:
For our first method we use the EO detected at the receiver to evaluate the signal quality. However, we denote that other criteria as for example the pre-FEC bit error ratio (BER) could also be utilized instead to reach the same goal. Our second method works by comparing the absolute values of a distorted sequence with a known training sequence with a length of 512 bits. The residual signal differences and t i denotes the ith sample point of the training sequence. For both methods, we implemented a LevenbergMarquardt ("LM") algorithm [7] which works to maximize the EO or to minimize signal ∆ , respectively and to calculate the filter coefficients. We emphasize, that in contrast to CMA algorithms as used in [8] , signal ∆ does not have to be complex. Thus, coherent detection is not required. For the initialization of the filter coefficients we determine, which periods of the CFBG ripple contribute the most to the signal distortions by generating single frequency ripples. It can be shown [9] that these are periods which satisfy the condition / 0.75
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The LM algorithm can be used to determine the optimal coefficients to compensate for these distortions. The derived coefficients are stored in a lookup-table which can then be used to determine the optimal startupcondition for the filter considering multi-frequency ripples by successive testing of all entries. The optimal startup-condition is then applied to "open the optical eye" and to improve convergence of the LM algorithm.
Simulation setup and results
For the simulation of the optical transmission system we use the simulation tool "PHOTOSS" [10] with the setup depicted in Figure 1 . The duobinary modulation format is chosen to transmit data at a bit rate of 112 Gbit/s. We assume that there is no residual dispersion in the system besides the GDR. The transmitter structure contains a 112 Gbit/s pulse generator, a continuous wave laser, a 1 st order Gaussian electrical filter ( 3 0.3
) and a Mach-Zehnder modulator driven at π 2V . A cascade of n CFBGs adds a random GDR to the signal which results in ISI and thus potential signal-degradation. Afterwards, the signal is amplified using an EDFA with a constant power output before it is sent through the optical equalizer structure. The receiver structure consists of a 2 nd order optical Gaussian filter with a bandwidth of 85 GHz, a pin diode, a fifth order electrical Bessel filter and a BER tester. The goal is to obtain the required OSNR for a BER of 10 -3 . Figure 2 shows the probability distribution function (PDF) of the OSNR penalty for a system with 5 cascaded CFBGs corresponding to a system length of 400km for 5000 Monte Carlo iterations. Without filtering, penalties of more than 10dB can occur and in about 0.5% of all iterations, the Eye Analyzer was not able to detect an eye opening. In these cases we assigned a generic penalty of 11dB. The EO-method reduces the mean OSNRpenalty from 0.67dB to 0.30dB, but in about 0.25% percent of all iterations, the LM algorithm does not converge to a stable solution. The signal comparison-method instead was able to reduce the mean penalty to 0.15dB and was able to achieve a convergence rate of 100% while the maximum penalty was reduced to 0.8dB. For all simulations, a filter with 11 coefficients was used.
Conclusion
We have investigated an optical FIR equalizer which can be used to equalize GDR-induced signal distortions from CFBGs at a data rate of 112 Gbit/s and compared two methods to derive the filter coefficients. The signalcomparison-method was able to achieve superior results when compared to the EO-method and achieved a convergence rate of 100%. Thus, we were able to reduce the maximum OSNR penalty form over 10dB to less than 1dB and the mean penalty to 0.15dB for a cascade of 5 CFBGs corresponding to a system length of 400km. Our results indicate, that broadband CFBGs which have originally been designed for 10 Gbit/s systems can also be successfully used in 112 Gbit/s systems when applying optical equalization.
